The magnetic moments and magnetic anisotropy energy (MAE) of CoRh alloy nanoparticles are determined experimentally and theoretically. Non-trivial correlations between chemical order, magnetic order and MAE are revealed. A remarkable non-monotonous dependence of the MAE as a function of composition and chemical order is observed that opens novel possibilities of tuning the magnetic properties of nanoalloys. The observations are successfully compared and analyzed with our electronic calculations. In this way we clearly demonstrate that the induced 4d moments and the 3d-4d interfaces are the key parameters controlling the magneto-anisotropic behavior.
The magnetic moments and magnetic anisotropy energy (MAE) of CoRh alloy nanoparticles are determined experimentally and theoretically. Non-trivial correlations between chemical order, magnetic order and MAE are revealed. A remarkable non-monotonous dependence of the MAE as a function of composition and chemical order is observed that opens novel possibilities of tuning the magnetic properties of nanoalloys. The observations are successfully compared and analyzed with our electronic calculations. In this way we clearly demonstrate that the induced 4d moments and the 3d-4d interfaces are the key parameters controlling the magneto-anisotropic behavior. Recent progress in the growth of multicomponent nanoparticles (NPs) with controlled size and composition has opened new routes in fundamental and applied materials research [1, 2, 3] . Nanoalloys are thus emerging as an important multidisciplinary field with increasing impact throughout nanoscience and technology [4] . Many-body phenomena like magnetism are particularly interesting in this context, since they are very sensitive to the local and chemical environment of the atoms. Pure Fe N , Co N and Ni N clusters are known to be magnetic with stronger spin and orbital moments than the corresponding solids [5] . However, their magnetic anisotropy energy (MAE) per atom -despite being orders of magnitude larger than in solids [6] -remains relatively small due to the relatively weak spin-orbit (SO) coupling in the 3d series. Stronger SO interactions are certainly available in the heavier 4d and 5d TMs but pure NPs of these elements are non-magnetic, except eventually for extremely small sizes (e.g., Rh N for N < ∼ 30 atoms) [7] . In view of these contrasting behaviors one concludes that 3d-4d and 3d-5d nanoalloys should show unique magnetic properties as a function of size, composition and chemical order, which remain for the most part to be discovered. In particular it should be possible to control and optimize the spin and orbital moments, their order and magnetic anisotropy by varying the 3d/4d or 3d/5d content as well as the distribution of the components within the clusters. This is very important, specially for applications, since the MAE determines the lowest-energy magnetization direction as well as its stability with respect to temperature fluctuations and reversal processes. It is therefore quite remarkable, the intense research activity in nanomagnetism notwithstanding, that very little is still known about the microscopic origin of the MAE in nanoalloys and about the possibilities of systematic material optimization that it offers [3, 4] . Understanding the trends governing the properties of binary NPs is therefore an important step towards quantum-based magnetic nanoalloy design. It is the goal of this letter to demonstrate how the magnetic moments and anisotropy of 3d-4d nanoalloys can be tailored and to reveal the microscopic mechanisms that underlie their novel behavior.
The NPs have been synthesized in solution by decomposition of organometallic precursors in the presence of a stabilizing polyvinylpyrrolidone polymer as described in Ref. [2] . This approach allows us to easily vary the Co concentration x by controlling at the same time the aggregation and the particle diameter φ, typically in the range 1.6 nm ≤ φ ≤ 2.5 nm. For the present study samples with x = 0.76, 0.49 and 0.25 were synthesized. The structural characterization has been done using high-resolution transmission electronic microscopy (TEM) and wide angle X-ray scattering (WAXS) techniques [2, 8] . TEM results show a regular dispersion of the clusters inside the matrix and a narrow log-normallike size distributions peaked at an average φ 2 nm and having a width below 15%. tion increases the coercive field as well as the irreversible field even beyond 5 T. The magnetization per CoRh unit µ CoRh at 5 T first increases and then decreases with increasing Rh concentration: µ CoRh = 1.83, 2.2, 1.9 and 0.8µ B for x = 1, 0.76, 0.49 and 0.25 in Co x Rh 1−x NPs (φ = 2 nm). The differential high-field susceptibility is also enhanced and in particular for x = 0.49 the magnetization curves are difficult saturate. We have therefore performed measurements in pulsed high magnetic fields up to 30T and obtained a proper saturation for x = 0.49 with µ CoRh = (2.38 ± 0.05)µ B [2] .
While the basic idea behind tailoring the NP magnetic properties by alloying 3d and 4d elements is relatively simple, its practical realization involves a number of serious challenges. For instance, different growth conditions can lead to segregated clusters with either a 4d core and a 3d outer shell or vice versa. Post-synthesis manipulations can induce different degrees of intermixing at the 3d/4d interfaces including surface diffusion, ordered or disordered alloys, etc.. Controlling the distribution of the elements within alloy clusters is therefore an important experimental issue. In order to quantify the role of chemical order on the magnetic properties of CoRh nanoalloys we have performed a comprehensive set of electronic calculations for clusters having N ≤ 500 atoms, Co concentrations x 0.25, 0.5 and 0.75, and different distributions of the Co and Rh atoms. The theoretical framework is given by a realistic spd-band tight-binding Hamiltonian that takes into account the effects of redistributions of the spin-and orbital-polarized density, as well as the SO interactions H SO at the origin of magnetic anisotropy [6, 9] . Since the SO interactions are very sensitive to the details of the electronic spectrum, we perform accurate self-consistent calculations for each orientation δ of the spin magnetization S. The MAE ∆E δγ = E δ − E γ is derived in a nonperturbative way as the difference between the electronic energies E δ .
In Fig. 1 theoretical results are given for the magnetization profile of 2 nm octahedral Co 0.5 Rh 0.5 NPs with three different chemical orders (N = 489 atoms). For simplicity, a compact fcc-like structure with bulk Co-Co and Rh-Rh interatomic distances and epitaxial interface growth is assumed. These results are representative of a much larger number of studied structures, shapes, sizes and compositions [10] . In the case of a fully segregated Co core with a Rh outer shell [dotted curve in Fig. 1  (a) ] the Co magnetic moments at the innermost atoms are similar to the Co bulk moment and decrease as one goes from the center to the CoRh interface. Here only very small magnetic moments are induced at the Rh due to the proximity of the spin-polarized Co. As we move away from the CoRh interface towards the surface (larger j in Fig. 1 ) the Rh polarization shows some oscillations. Notice that the reduction of the Co moments at the interface is not compensated by the tiny induced Rh moments. Consequently, the calculated average moment per CoRh The situation changes qualitatively if one considers a Rh core with a Co outer shell [dashed curve in Fig. 1  (a) ]. In this case the Co moments are largest at the cluster surface (19 ≤ j ≤ 24) and decrease only slightly at the CoRh interface. The induced Rh moments are quite important in particular at the interface [µ(j) = (0.5-1.3)µ B for 10 ≤ j ≤ 14]. They yield, despite reductions and changes of sign at the innermost shells (1 ≤ j ≤ 9), a significant positive contribution to the CoRh-unit moment µ CoRh = 2.08µ B , which is now larger than in bulk alloys of similar concentrations. The spin and orbital moments amount here to µ S = 1.75µ B and µ L = 0.33µ B . These contrasting behaviors demonstrate the crucial role of chemical order on the magnetic properties of nanoalloys. In fact, only one of these arrangements, namely a Rh-core with an outer Co shell, yields results that are qualitatively consistent with the experimental ones, though somewhat smaller [µ The trends as a function of chemical order can be understood by contrasting the different local environments of the Co and Rh atoms. In the first case (Co core and Rh shell) all Co atoms have bulklike coordination and the Co atoms at the interface have less Co than Rh NNs. This increases the effective local d-band width at Co atoms and reduces the local Co moments. Moreover, the interface Rh atoms have few Co NN with weakened moments, so that the polarization induced by the proximity with Co is quite small. Finally, the curvature at the surface of 2 nm particles (N 500) is not large enough to sustain the formation of local Rh moments on the basis of a reduction of the local coordination number alone (Rh N is magnetic only for N ≤ 30-50 [7] ). In contrast, in the second case (Rh core and Co shell) there are several factors that enhance magnetism: i) The reduction of coordination number at the surface Co atoms increases the local moments, in particular the orbital contribution.
ii) The interface Co atoms, being outside, have more Co than Rh NNs, so that the d-band broadening due to hybridizations with Rh atom is weaker. iii) The Rh atoms at the interface have here a majority of strongly magnetic Co atoms as NNs, that induce important Rh moments over several interatomic distances. These trends are common to all studied compact clusters with different surface shapes and sizes (N ≥ 100) [11] . One concludes that in the technologically most interesting NPs, which have a few hundreds of atoms, the 4d magnetism and the associated MAEs can only survive close to the 3d-4d interfaces. The shape and structure of the interfaces and the possible interactions with the cluster surface become therefore crucial for the magnetic behavior of nanoalloys.
Real NPs are not expected to have perfect interfaces with completely segregated species. We have therefore investigated more complex arrangements of the Co and Rh atoms by considering various intermixed configurations at the interface, surface segregation, as well as completely random-alloy arrangements. A representative example is shown in Fig. 1 (b) . This corresponds to a Rh core and a Co outer shell with intermixing of the Co and Rh atoms on four layers (±2) around the interface. One observes an important enhancement of both spin and orbital Rh moments, particularly for those Rh atoms having a Corich local environment, while the Co moments are not much affected. Basically small reductions are seen at Co atoms in Rh-rich environments. The overall result is a significant increase of the average magnetic moment of the NPs that improves the agreement with experiment (µ CoRh = 2.24µ B with µ S = 1.90µ B and µ L = 0.34µ B for N = 489 atoms). A similar behavior is also found in the case of random distributions of Co and Rh atoms. The enhancement of 4d moments due to intermixing is explained by the large spin and orbital polarizability of Rh atoms with increasing number of Co NNs and the robustness of the nearly saturated Co spin moments. A particularly strong increase of the local moments is observed for Rh atoms at the cluster surface, since the contributions from Co NNs and reduced coordination number add up. In fact, from the point of view of the magnetic moments, Rh atoms surrounded mainly by Co NNs behave almost like Co atoms.
The role of 4d magnetic contributions has been determined experimentally by means of X-ray magnetic circular dichroism (XMCD) measurements at the L 2,3 Rh thresholds. The total absorption spectra were recorded with the X-rays at normal incidence and parallel to the
FIG. 2:
Total absorption and XMCD spectra of 2 nm Co0.5Rh0.5 NPs at the Rh L3 and L2 edges measured at 10K. direction of the magnetization by detecting the fluorescence yield at a temperature of 10 K and a magnetic field of 7 T. The dichroism signal has been corrected taking into account the incomplete polarization of the X-rays, and its accuracy has been checked by reversing the magnetization direction with the applied magnetic field. Results for 2 nm Co 0.5 Rh 0.5 NPs are shown in Fig. 2 . The data demonstrate that the Rh atoms in Co 0.5 Rh 0.5 clusters carry significant magnetic moments. Using the usual sum rules [12] we derive µ L /µ S = 0.066 for the orbital to spin ratio. This is in qualitative agreement with our theoretical results µ L /µ S = 0.076 for 2nm NPs having a Rh core and an outer Co shell. In contrast, the calculations assuming a Co core and a Rh outer shell yield values that are systematically far too small (µ L /µ S < ∼ 0.01). Finally, in Fig. 3(a) the concentration dependence of the MAE of 2 nm CoRh NPs is shown. The experimental results were obtained by fitting the zero-field-cooled and field-cooled magnetization curves using a standard uniaxial Stoner-Wohlfarth model and a log-normal distribution of sizes. The theoretical results correspond to fcc-like octahedral clusters having N = 489 atoms, and a Rh core with a Co outer shell. A remarkable non-monotonous concentration dependence is observed. Starting from pure Co NPs (x = 1) and increasing the Rh content, the MAE first increases reaching a maximum around x = 0.5 and then decreases rapidly when the Co concentration is further reduced. Experiment and theory deliver quite consistent results, although the calculations somewhat underestimate the measurements for x ≥ 0.75. The microscopic origin of this important effect can be clarified by analyzing the concentration dependence of the local moments and in particular those induced at the Rh atoms. As shown in Fig. 3(b) the magnetic moment per Co atom and the average magnetic moment µ Rh at Rh atoms (inset figure) increase with increasing Rh content (i.e., decreasing x in Co x Rh 1−x ) until the Co concentration becomes so low that the overall cluster magnetization breaks down. The higher magnetic susceptibility of the Rh clusters, as compared with Rh bulk, also explains why the optimal Rh concentration is larger in CoRh NPs (x max 0.5 for 2 nm NPs) than in macroscopic CoRh alloys (x max 0.75 in the bulk). The correlation between induced Rh moments and MAE is found to be a quite general trend. For instance, if fully segregated CoRh NPs are assumed, the same non-monotonous dependence of the induced Rh moments and MAE is obtained but with both values approximately half as large.
These results not only demonstrate the optimization of the MAE and the dominant role played by 4d magnetism in 3d-4d nanoalloys. They also provide a new physical insight on the microscopic mechanisms controlling the subtle MAE of these systems, that should be very useful as a guide to microscopic material design [13] .
In conclusion, the MAE of CoRh alloys nanoparticles shows a non-monotonous dependence as a function of composition that opens new possibilities of tailoring their magnetic behavior for specific applications. The optimum 4d/3d content is found to be size dependent, actually higher in NPs as compared to bulk alloys. Combining magnetometry and XMCD experiments and theoretical calculations we achieve a consistent physical picture of this important effect, which is dominated by the contributions of the induced Rh magnetic moments and by their non-trivial dependence on the local and chemical environment of the atoms. The observed trends and the microscopic understanding derived in this work -for instance, concerning the correlations between the induced Rh moments, MAE, and chemical order-are expected to be generally applicable to the broad family of 3d-4d and 3d-5d nanoalloys. They should therefore provide a very useful guide towards a knowledge-based quantum design of magnetic nanostructures. Among the exciting immediate perspectives one could mention, for example, the possibility of manipulating the kinetics of the synthesis process to produce different core-shell arrangements or even multishell nanoalloys in order to exploit the remarkable 3d-4d and 3d-5d interface effects.
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